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Hydroxyapatite  (HA)  nanorods  elongated  in the  c axis  were  produced  at 38–80 ◦C in an  aqueous  solution
system  that  was based  on simulated  body  ﬂuid.  Speciﬁc  columnar  structures  consisting  of  HA nanorods
were  produced  through  epitaxial  growth  on  a c-face  HA substrate  under  a mildly  acidic  condition.  The
morphology  of  the  columnar  structure  was  controlled  by  changing  the growth  condition  and  adding
amino  acid.  The  length  and  width  of  the columns  were  varied  in  a  range  from  several  tens  of  nanometers
◦
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to several  micrometers.  Densely  packed  columns  were  produced  with  hexagonal  HA rods  at  80 C. Fibrous
columns  of  HA with  gaps were  formed  at 60 ◦C in the  presence  of  aspartic  acid.  The  Young’s  modulus  of
the  densely  packed  HA  columns  was  comparable  to those  of  a  human  enamel  and  a rabbit bone  oriented
in  c axis.  The  columnar  structures  can  contribute  to controlling  the  mechanical  performance  of  biological
and  biomedical  HA  crystals.
© 2013  The  Ceramic  Society  of  Japan  and  the  Korean  Ceramic  Society.  Production  and  hosting  by
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b. Introduction
Hydroxyapatite (Ca10(PO4)6(OH)2, HA), which is the main min-
ral component of hard tissues of the human body [1–6], has been
idely used in biomedical and dental applications. In artiﬁcial
ystems, various morphologies of HA including ﬁne particles [7],
exagonal rods [8], and thin plates [9] were synthesized by precip-
tation in a mixture of solutions containing calcium and phosphate
ons [10–15] and transformation of various solid precursor crystals,
uch as dicalcium phosphate [8,16,17], dicalcium phosphate dihy-
rate (DCPD) [18], -tricalcium phosphate [19–22], -tricalcium
hosphate [23], and octacalcium phosphate [24,25]. In general, 1D
orms, such as rods, needles, and ﬁbers, have been reported to be
roduced under hydrothermal conditions [26]. The faceted bulky
ods were produced by adjusting the preparation parameters. The
D forms were naturally obtained through transformation of the∗ Corresponding author. Tel.: +81 45 566 1556; fax: +81 45 566 1551.
E-mail address: hiroaki@applc.keio.ac.jp (H. Imai).
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aky precursors. The morphology of the grown crystals is highly
nﬂuenced by the preparation conditions including the pH, temper-
ture, and concentrations of precursor species. The next target for
he preparation of bone-like materials is control of the orientation
f HA nanocrystals. In the present work, we  fabricated highly ori-
nted columnar structures of HA similar to dental enamels through
ontrolled crystal growth in a supersaturated solution.
In the natural structures, such as bones and teeth, slender long
A nanocrystals are assembled with collagen ﬁbers. The dental
namel surface as the outermost layer of teeth is covered with
ell-organized rod-like prisms composed of highly oriented bun-
les parallel to the c axis of HA crystals [27]. HA structures having
 speciﬁc c-axis-orientation are also observed in various parts of
ones [28]. Therefore, the formation of columnar structures con-
isting of HA rods is essential to the design of biological and
iomedical materials. Recently, several approaches for the prepara-
ion of oriented architectures mimicking natural bones have been
eported. Kikuchi et al. [29] showed oriented HA-collagen com-
osites prepared through self-organization. An organized structure
f a ﬂuorapatite (FA)–gelatin system was reported to resemble
he biosystem in both bone and dentine [30]. A direct growth
ethod to produce enamel-like prism structures of FA on metal
lates was demonstrated using a hydrothermal technique [31].
he enamel-like HA bundle structures were obtained with mono-
ayers of surfactants at a water/air interface [32]. Despite these
fforts, the oriented structure of HA bundles has not been sufﬁ-
iently controlled in artiﬁcial systems. Therefore, the production
f enamel-like columnar structures toward biomedical and dental
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rFig. 1. SEM images of crystals grown on c-face subs
pplications remains challenging in the ﬁeld of materials chem-
stry.
Sheet-like HA crystals are commonly prepared in a simulated
ody ﬂuid (SBF) containing inorganic ions nearly equal to those of
uman blood plasma [9,33]. Nanometric low-dimensional forms,
uch as sheets and needles elongated in the c axis, were produced
ith phosphate-surplus or calcium-deﬁcient HA in an SBF-based
olution at human body temperature. Our research group has
eported the variation of the morphology on the basis of the change
f the growth mode of HA crystals depending on the supersaturated
ondition [26]. Nanoneedles were obtained on the seed crystals
nder a gentle growth condition at pH 6.5; the nanosheets were
rown through coalescence of tiny grains or needles at a relatively
igh growth rate above pH 7.0. Here, we focus on the formation
f enamel-like columnar structures in the SBF-based solution sys-
em. Epitaxial growth on c-face HA substrates was  successfully
ontrolled by changing the condition. The inﬂuence of the growth
emperature and the presence of aspartic acid, i.e. a main acidic
mino acid in the acidic protein in enamel (enamelin), on the
olumnar structure are discussed on the basis of the morphological
ariation of the HA crystals.
. Experimental procedure
An SBF-based solution was prepared by mixing 1.0 cm3 of
ydrochloric acid (Junsei Chemical 35.0%), 1.50 mmol CaCl2 (Jun-
ei Chemical 99.0%), 0.60 mmol  K2HPO4 (Junsei Chemical 99.0%),
nd 85.2 mmol  NaCl (Junsei Chemical 99.0%) with 600 cm3 puri-
ed water. The concentrations of Ca2+, HPO42−, Na+, and Cl− were
.5, 1.0, 142.0, and 148.0 mmol/dm3, respectively. The pH of the
olutions was tuned to a speciﬁc value in a range from 6.0 to
.0 by adding tris(hydroxymethyl)aminomethane (Wako Chemical
9.0%), whereas the original SBF was prepared at pH 7.4. Generally,
 phosphate buffer solution is used below pH 7.2. In the present
o
t
m
tat 38 ◦C for 24 h (a), 48 h (b), 96 h (c), and 168 h (d).
ork, however, we  avoided using the phosphate buffer solution
ecause it would change the concentration of phosphate ions in the
ystem. The pH change with tris(hydroxymethyl)aminomethane as
 buffer was limited in 0.2 during the formation of HA in the solu-
ions around pH 6.0. dl-Aspartic acid was added to the SBF-based
olution to study the effect of the organic molecules for crystal
rowth of HA. The solution was stirred at 38–80 ◦C for a certain
eriod within 168 h. The resultant solid products were washed with
uriﬁed water and dried at 60 ◦C for 24 h in air.
We  used HA disks exposing a large c-face as a substrate for crys-
al growth. Disks with a diameter of 13 mm were prepared with
ompaction of plate-like HA aggregates synthesized by the hydrol-
sis of DCPD in an alkaline solution [34]. The c axis of ﬁbrous HA
rystals was  arranged perpendicularly to the surface of the plates.
herefore, we obtained c-face HA disks through sintering at 1200 ◦C
n air. The surface of the substrates consisting of HA grains several
ens of micrometers in diameter was  macroscopically ﬂat, although
mall cracks were observed on it (Supporting Information, Fig. S1).
he disks were composed of HA grains of several tens of microme-
ers in diameter. The intense peaks assigned to (0 0 l) in the X-ray
iffraction patterns indicate that the c axis of the HA grains in the
ubstrate was perpendicular to the surface.
Supplementary material related to this article found, in the
nline version, at doi:10.1016/j.jascer.2013.03.009.
The morphology of the products was characterized using a
eld-emission scanning electron microscope (FESEM, Hitachi S-
700). The X-ray diffraction patterns (XRD) patterns were recorded
sing Rigaku MiniFlex II with Cu K radiation. The composition
t the surface of resultant crystals was  roughly estimated with X-
ay photoelectron spectroscopy (XPS; JEOL JPS-9000MX). Residual
rganic compound was  analyzed with a KBr method by Fourier-
ransform infrared adsorption (Jasco FT-IR 4000). The Young’s
odulus was  measured with a load-controlled-type nanoinden-
ation system (Elionix ENT-1100a).
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Fig. 2. XRD patterns of as-prepared c-face substrate (i) and HA needles grown on
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of densely packed grains. The relatively low values of the modulushe c-face substrate in the SBF-based solution at 38 ◦C for 48 h (ii), at 80 ◦C for 24 h
iii),  and at 60 ◦C for 168 h with dl-aspartic acid (iv).
. Results and discussion
.1. Inﬂuence of the pH and temperature
As reported in a previous paper [26], the morphology of HA
rystals grown on the smooth surface of c-face HA disks in an SBF-
ased solution at 38 ◦C was drastically inﬂuenced by varying the pH
Supporting Information, Fig. S2). The nanograins were obtained
n the seed crystals under a gentle growth condition at pH 6.2; the
anosheets were grown at a relatively high growth rate above pH
.0. Here, we focus on the formation of bundled HA nanoneedles
n the c-face HA substrate in an SBF-based solution at pH 6.4.
Supplementary material related to this article found, in the
nline version, at doi:10.1016/j.jascer.2013.03.009.
Fine grains ca. 30 nm in size were initially formed at pH 6.4 on
he c-face substrate at 38 ◦C for 24 h (Fig. 1(a)). A bundle of the
anoneedles having a round head grew from the ﬁne grains in 48 h
Fig. 1(b)). The nanoneedles were strictly perpendicular to the sur-
ace of the substrate. The intense peaks assigned to (0 0 l) planes in
he XRD patterns indicate that the c axis of the HA grains is the same
s that of the substrate (Fig. 2). These facts suggest that epitaxial
rowth of HA in the c direction occurred on the c-face substrate. As
hown in Fig. 3, the length of the needles increased linearly with the
eaction time. On the other hand, the width of the needles gradu-
lly increased to ca. 60 nm for 168 h (inset of Fig. 1(d)). We  observed
ound head needles after a reaction exceeding 48 h (Fig. 1(c and d)).
The columnar growth on the c-face substrate was  inﬂuenced
y the temperature of the SBF-based solution. The growth rate
hanged drastically from 2.2 to 210 nm/h as the temperature
ncreased from 38 ◦C to 80 ◦C (Fig. 3). The hexagonal rods were
ensely packed on the substrate at 80 ◦C (Fig. 4). The width
ncreased up to ca. 1 m with the appearance of hexagonal facets
hat were parallel to each other. This demonstrates that epitaxial
rowth of HA occurred on a crystal grain of the c-face substrate.
a
T
lig. 3. Variation of the HA needle lengths grown on the c-face substrate in the SBF-
ased solution at various temperatures (diamond: 38 ◦C, square: 60 ◦C, triangle:
0 ◦C). Lines were obtained by the method of least squares.
he diameter of the hexagonal rods increased through coalescence
f the unit crystals that were initially formed on the substrate.
.2. Inﬂuence of amino acid
In the solution at 38 ◦C, crystal growth was inhibited by the pres-
nce of dl-aspartic acid. It suggests that the amino acid is strongly
overed on the c-face of HA. Fig. 5 shows SEM images of crys-
als grown on c-face substrate at 60 ◦C without and with aspartic
cid. We  observed bundles of nanoneedles at 60 ◦C. The addition
f aspartic acid to the SBF-based solutions inﬂuenced the shape of
he nanorods grown on the substrate. Fundamentally, the tapered
anorods were sharpened in the presence of the amino acid. The
iameter of the ﬁbrous HA crystals decreased to 100–200 nm with
n increase in the concentration of aspartic acid (Fig. 5(f)). On the
ther hand, the growth rate was  slightly changed with the organic
olecules because the length of the ﬁbrous HA grown with aspar-
ic acid was  exceeding ca. 20 m after being kept for 168 h at 60 ◦C
Fig. 5(e)). Finally, columnar structures with gaps were produced
ith ﬁbrous HA. Because we observed weak diffraction signals
ther than (0 0 l) planes from the ﬁbrous columns (Fig. 2), the c
irection of the HA crystals was slightly disordered. A trace of
itrogen originating from aspartic acid was  detected by the XPS
easurement. The signal assignable to amino groups was detected
round 1600 cm−1 in the FTIR spectra of HA nanostructures grown
ith aspartic acid. Because faces parallel to the c axis are easily
dsorbed with amino acids and proteins, the shape of HA rods was
hinned down through stabilization of the faces with adsorption.
.3. Mechanical property of oriented rods
The Young’s modulus of the c-face HA substrate and the densely
acked columns at 80 ◦C for 24 h was measured to compare the
echanical property of the speciﬁcally oriented microstructures
ith that of human dental enamels. (Other samples were not eval-
ated due to the low density and high surface roughness of the rod
ssembly.) As shown in Table 1, the Young’s moduli of dental enam-
ls [35] and a rabbit long bone [36] consisting of c-axis-oriented HA
ods were considerably smaller than that of the HA disk composedre ascribed to deformation perpendicular to the c axis of the rods.
he deﬂection of the bundled rods and the gaps among the rods
owers the value. The columnar assembly is essential to control the
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Fig. 4. SEM images of crystals grown on c-face substra
Table 1
The Young’s modulus of various HA samples.
Sample Young’s modulus (GPa)
Sintered HA disk (c oriented) 144 ± 15
Human enamel [35] 66.2–91.1
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38 ◦C. This means that organic molecules could adsorb on the lessRabbit long bone [36] 27.8 ± 0.3
Nanorod bundle grown at 80 ◦C 44.8 ± 1.9
echanical property, although the diameter of columns varies from
everal micrometers (dental enamel) to submicron scale (rabbit
one). The modulus of the dental enamel varies from 50 to 120 GPa
ith the degree of orientation of the HA rods. The Young’s mod-
lus of the columns grown at 80 ◦C was comparable to the lowest
alue of the enamel and the rabbit bone. The mechanical perfor-
ance suggests that the artiﬁcial HA columnar assembly is similar
o the natural structures despite the absence of organic polymers,
uch as collagen. The slight margin of the Young’s modulus may
e attributed to the difference of the density or porosity of the
olumnar structures.
.4. Formation mechanism
In the present study, highly oriented nanoneedles were
btained on the c-face HA substrate. The needles are strictly per-
endicular to the surface. The hexagonal facets grown at 80 ◦C are
arallel to each other (Fig. 4). These facts strongly suggest that epi-
axial growth of HA occurs in the solution system at a low degree
f supersaturation. Adjustment of the pH is essential to control
he growth mode. Moreover, the crystal growth is easily promoted
n the c-face due to its low stability. Interestingly, the columnar
tructure instead of a bulky crystal having a ﬂat plane is produced
hrough epitaxial growth in this system.
s
a
tte at 80 ◦C for 24 h (a and b) and 168 h (c and d).
In our previous work [26], the morphology of HA grown in SBF-
ased solutions was found to depend on the pH and temperature.
he nanometric needles and sheets produced in the SBF-based solu-
ions at 38 ◦C had a lower Ca/P ratio than the stoichiometric value.
he morphological variation is associated with the presence of an
xcess amount of phosphates in low-dimensional forms. The cov-
rage of large surfaces parallel to the c axis with the phosphate
ons miniaturized the HA crystal through low-dimensional growth
n the SBF-based solution. Preferential adsorption of negatively
harged phosphates would occur on the faces parallel to the c axis
ecause they are positively charged with the exposure of calcium
ons. Because HA grows in the c axis due to its crystallographic
ature, nanoscale needles elongated in the c axis were formed at
 relatively low pH. Therefore, it appears that the columnar struc-
ure is formed through epitaxial growth on the c-face substrate.
nfortunately, the quantitative analysis of the composition of the
opmost layer on the large HA substrate is generally difﬁcult.
Micrometric well-deﬁned hexagonal rods were formed on the
-face substrate in the SBF-based solution at 80 ◦C. Hexagonal rods
eﬂecting the crystallographic symmetry of HA were obtained with
ncreasing temperature. Crystal growth with stable surfaces at a
elatively high temperature is expected to produce a well-faceted
exagonal shape. Because HA grows preferentially in the c axis due
o its crystallographic nature, hexagonal rods are naturally formed
nder a near-equilibrium condition. Moreover, the growth rate is
emarkably increased and coalescence of the rods is promoted with
ncreasing temperature.
The presence of aspartic acid inﬂuenced drastically the crystal
rowth of HA. The amino acid inhibited the growth on the c-face attable plane. However, the ﬁbrous crystals grew at 60 ◦C with the
mino acid. On the other hand, the growth rate with and without
he molecules was  almost the same. Thus, the organic molecules
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Rig. 5. SEM images of crystals grown on c-face substrate at 60 ◦C without and with a
.3  mmol/dm3 (c), for 24 h with 16.7 mmol/dm3 (d), for 168 h with 8.3 mmol/dm3 (
electively attach on the planes parallel to the c axis, such as the
 face, rather than on the c-face at that high temperature. The
elective attachment of the acidic amino acid to Ca2+ on the a face
ecreases the diameter of the HA needles. Finally, a structure with
any gaps was produced with ﬁbrous columns.
. Conclusions
Enamel-like structures consisting of HA nanorods elongated in
he c axis were successfully produced on c-face substrates. Epitaxial
olumnar growth was achieved in a mildly acidic solution based
n SBF at 38–80 ◦C. The length and width of the HA columns were
ontrolled in a range from several tens of nanometers to several
icrometers by changing the growth time and temperature. The
resence of amino acids decreased the width of the columns and
romoted the formation of ﬁbrous structures with gaps through
he speciﬁc adsorption on the faces parallel to the c axis.ic acid. Nanostructures grown for 24 h without aspartic acid (a and b), for 24 h with
f).
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